Trabecular plates play an important role in determining elastic moduli of trabecular bone. However, the relative contribution of trabecular plates and rods to strength behavior is still not clear. In this study, individual trabeculae segmentation (ITS) and nonlinear finite element (FE) analyses were used to evaluate the roles of trabecular types and orientations in the failure initiation and progression in human vertebral trabecular bone. Fifteen human vertebral trabecular bone samples were imaged using micro computed tomography (mCT), and segmented using ITS into individual plates and rods by orientation (longitudinal, oblique, and transverse). Nonlinear FE analysis was conducted to perform a compression simulation for each sample up to 1% apparent strain. The apparent and relative trabecular number and tissue fraction of failed trabecular plates and rods were recorded during loading and data were stratified by trabecular orientation. More trabecular rods (both in number and tissue fraction) failed at the initiation of compression (0.1-0.2% apparent strain) while more plates failed around the apparent yield point (40.7% apparent strain). A significant correlation between plate bone volume fraction (pBV/TV) and apparent yield strength was found (r 2 ¼ 0.85). From 0.3% to 1% apparent strain, significantly more longitudinal trabecular plate and transverse rod failed than other types of trabeculae. While failure initiates at rods and rods fail disproportionally to their number, plates contribute significantly to the apparent yield strength because of their larger number and tissue volume. The relative failed number and tissue fraction at apparent yield point indicate homogeneous local failure in plates and rods of different orientations.
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Trabecular plates play an important role in determining elastic moduli of trabecular bone. However, the relative contribution of trabecular plates and rods to strength behavior is still not clear. In this study, individual trabeculae segmentation (ITS) and nonlinear finite element (FE) analyses were used to evaluate the roles of trabecular types and orientations in the failure initiation and progression in human vertebral trabecular bone. Fifteen human vertebral trabecular bone samples were imaged using micro computed tomography (mCT), and segmented using ITS into individual plates and rods by orientation (longitudinal, oblique, and transverse). Nonlinear FE analysis was conducted to perform a compression simulation for each sample up to 1% apparent strain. The apparent and relative trabecular number and tissue fraction of failed trabecular plates and rods were recorded during loading and data were stratified by trabecular orientation. More trabecular rods (both in number and tissue fraction) failed at the initiation of compression (0.1-0.2% apparent strain) while more plates failed around the apparent yield point (40.7% apparent strain). A significant correlation between plate bone volume fraction (pBV/TV) and apparent yield strength was found (r 2 ¼ 0.85). From 0.3% to 1% apparent strain, significantly more longitudinal trabecular plate and transverse rod failed than other types of trabeculae. While failure initiates at rods and rods fail disproportionally to their number, plates contribute significantly to the apparent yield strength because of their larger number and tissue volume. The relative failed number and tissue fraction at apparent yield point indicate homogeneous local failure in plates and rods of different orientations. & 2008 Elsevier Ltd. All rights reserved.
Introduction
Trabecular bone plays an important role in load transmission and energy absorption in vertebral bodies. Previous study suggested that more than 75% of the load adjacent to endplates is carried by trabecular bone in a vertebral body (Eswaran et al., , 2007 Silva et al., 1997) . With aging, perforations of trabecular plates and breakages of trabecular rods in vertebral bone lead to a weakened trabecular bone network, which impairs the strength of vertebral bodies. Several studies have recognized the importance of trabecular types (plates and rods) in determining the mechanical properties of trabecular bone (Liu et al., 2006 (Liu et al., , 2008 . Our previous study suggested that trabecular plates play an important role in determining the elastic moduli of human trabecular bone (Liu et al., 2006 (Liu et al., , 2008 . However, as regards the role of rods vs. plates for failure behavior, trabecular rods may have their unique role in the initiation and progression of failure at sites of low bone density, such as vertebral body, which is more susceptible to large-deformation failure mechanisms . It has also been qualitatively observed in computational simulations on a whole vertebral body that vertical trabeculae generally carry most of the load compared to the transverse ones (Bayraktar et al., 2004a; Homminga et al., 2004) , and quantitatively confirmed by a recent study that the axially aligned trabeculae play an essential role in the axial elastic moduli (Liu et al., 2008) . However, the roles of trabecular microstructure including trabecular types (plate vs. rod) and trabecular orientations in the damage initiation and accumulation within vertebral trabecular bone tissue are still unclear. Such knowledge of failure mechanisms at individual trabecula level can provide insight into the etiology of spontaneous vertebral fracture.
The high-resolution, voxel-based micro finite element (mFE) model is a commonly used technique and undoubtedly has a great potential for studying trabecular bone failure (Nagaraja et al., 2005; Niebur et al., 2000; van Rietbergen et al., 1995) . It has been used to study failure properties of trabecular bone, and showed excellent agreement between experimental and the predicted apparent compressive and tensile strengths, and failure strains across the anatomic sites (Niebur et al., 1999 (Niebur et al., , 2000 (Niebur et al., , 2001 . More recently, the effect of large deformation, which is significant to the strength prediction, especially within the low-density bone Morgan et al., 2004) , was successfully implemented in nonlinear FE analysis of trabecular bone failure . However, challenges still remain in quantifying the relative roles of trabeculae in different types and orientations in failure behavior of trabecular bone. Recently, methods have been developed to decompose and classify trabecular bone microarchitecture as plate-and rod-like structures (Liu et al., 2006 (Liu et al., , 2008 . Our previous study has reported that a novel 3D image analysis technique, individual trabeculae segmentation (ITS), is able to fully decompose trabecular bone microarchitecture into individual plates and rods (Liu et al., 2008) . It has been successfully applied to high-resolution images of human trabecular bone samples obtained from various anatomic sites to study the contributions of morphological features of trabecular bone microarchitecture, such as plate/rod volume fraction, thickness, number density, orientation, and trabecular connections to the anisotropic elastic properties of trabecular bone (Liu et al., 2008) . The newly developed ITS technique, in conjunction with materially and geometrically nonlinear micro computed tomography (mCT) based mFE analysis , allows explicit examinations of the temporal and spatial development of failure of individual trabecular plates and rods. The overall goal of the current study was to evaluate the roles of (1) trabecular types (plates vs. rods) and (2) trabecular orientations (longitudinal vs. transverse/oblique) in the initiation and progression of failure in vertebral trabecular bone. This represents a first quantitative and computational study on the micromechanics of failure of individual trabecular plates vs. rods of human vertebral trabecular bone.
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Materials and methods
Trabecular bone sample preparation and imaging
From the human lumbar vertebral bodies (L4: n ¼ 14 and L5: n ¼ 1; 75.4714.4 year old, six males and nine females) 15 cylindrical (8 mm diameter, 20 mm length) axial trabecular bone samples (along superior-inferior direction) were obtained following the previously published protocol (Keaveny et al., 1994) . The subjects were screened to exclude all possible metabolic bone diseases or bone cancer, and X-ray radiographs were taken to ensure that there was no evidence of damage or other bone pathologies. Three-dimensional high resolution images of central gage with a length of 20 mm were obtained for each specimen using mCT 
Nonlinear finite element analysis
A FE model was constructed from each $5 Â 5 Â 5 mm 3 image by converting each voxel into an eight-node brick element (Hollister et al., 1994) . Geometrically nonlinear FE analysis, using nonlinear material properties with tension-compression strength asymmetry of the hard tissue, were conducted on an IBM SP4 parallel supercomputer (IBM Corporation, Armonk, NY) to perform a compression from 0 to 1% apparent strain with ten even steps. Trabecular bone tissue was modeled as 15 GPa tissue modulus, 0.3 Poisson's ratio, and a post-yield modulus equal to 5% of the initial modulus (Bayraktar et al., 2004b ) by a finite deformation-based plasticity model . The tissue-level yield strain was 0.33% in tension and 0.81% in compression (Bayraktar et al., 2004b) . The uniaxial compression loading was imposed along the longitudinal direction (the principal direction of trabeculae). A custom parallel FE solver was used to solve these problems. Every voxel element which reached yielding was marked and its failure mode (tension or compression) was indicated at each loading step. The apparent yield point was determined from the apparent stress-strain curve of each specimen using the 0.2% offset method. Details of FE analysis were described elsewhere . In order to provide more accurate estimates of in situ behavior of trabecular bone, the FE modeling results of 0.5-mm-thick outside layer of bone cube were excluded due to the influence of the sideartifact (Bevill et al., 2007; Un et al., 2006) . The image of the interior 4 Â 4 Â 5 mm 3 rectangular bone block of each specimen was used for further image analysis.
Individual trabeculae segmentation (ITS) of plates and rods
ITS technique was applied to segment the original trabecular bone image into individual trabecular plates and rods according to their microstructures (Fig. 1A) . The description of detailed procedure of ITS and the illustration on high-resolution trabecular bone images can be found elsewhere (Liu et al., 2006 (Liu et al., , 2008 . For a trabecular rod, an angle F was defined as the angle between the orientation of the rod and the z-axis of bone image (axial direction of vertebra). For a trabecular plate, the angle F was defined as the angle between the normal of the plate and the x-y axes plane (transverse plane) (Fig. 1B) . Orientation of each trabecula was then determined according to its angle F (longitudinal (0pFp301), oblique (301oFp601), or transverse (601oFp901)). BV/TV, plate bone volume fraction (pBV/TV), and rod bone volume fraction (rBV/TV) were also calculated for each trabecular bone image (Liu et al., 2008) .
Statistical analyses
We defined failure of a trabecula by yielding of any voxel within it. Therefore, the number of failed trabecular plates or rods was counted at each loading step, and then normalized by the total number of trabeculae within the sample to obtain the apparent failed plate or rod number fraction. In addition, the failed bone tissue volume within yielded trabecular plate or rod was also calculated. Then the volume of failed trabecular plates or rods was normalized by the total bone volume within the sample to calculate the apparent failed plate or rod tissue fraction.
Furthermore, we defined the relative failed plate or rod number fraction as the failed plate or rod number divided by the total plate or rod number, respectively. The relative failed plates or rods tissue fraction was defined in a similar fashion. Subsequently, these data were stratified by the orientations. Paired Student t-tests were performed first to test the significant difference in structural types of trabecular bone (plate and rod) in terms of the apparent and relative failed number and tissue fraction at each step. Then the difference in orientations (transverse, oblique, and longitudinal) of the failed trabecular plate and rod in terms of the apparent and relative number and tissue fraction were tested at each loading step, respectively. The apparent failed plate tissue fraction and rod tissue fraction by different failure mode (tension and compression) were also quantified and the difference was examined at each loading step. In addition, linear correlations of the apparent yield strength (s y ) with BV/TV or pBV/TV were studied. All the statistical analyses were performed by KaleidaGraph 3.6 software (Synergy Software, Reading, PA) on a PC workstation with pp0.05 considered as a statistical significance.
Results
The ITS technique successfully segmented the vertebral trabecular bone images into individual trabecular plates and rods (Fig. 1A) . The failure of individual trabeculae can be qualitatively visualized by using nodal displacement data calculated via the nonlinear FE analysis (Fig. 1C) . On an average, the apparent yield strain was 0.8070.07%, and the apparent yield strength was 2.3971.35 MPa.
On an average, the number of trabecular plates within a specimen was about 1.4 times greater than the number of trabecular rods, with a marginal statistical difference (p ¼ 0.06). The total plate volume was 2.5 times the total volume of rods (po0.05) ( Table 1) . According to both trabecular number and ARTICLE IN PRESS Fig. 3 . Top: apparent failed trabecular number fraction (A) and tissue fraction (B) of longitudinal, oblique, and transverse plates (mean7SE) under 0.1-1% apparent strain. Bottom: relative failed trabecular number fraction (C) and tissue fraction (D) of longitudinal, oblique, and transverse plates (mean7SE) under 0.1-1% apparent strain. * indicates significantly higher failed longitudinal plate fraction than failed oblique and transverse plate fractions (po0.05). SE: standard error. trabecular bone volume, there were more plates than rods in the specimen while significantly more plates were in the longitudinal direction and significantly more rods in the transverse direction (Table 1) .
In terms of the apparent failed trabecular number fraction, significantly more trabecular rods failed at the initial stage of straining (0.1-0.2% apparent strain) and then more plates failed around apparent yield point (40.7% apparent strain) ( Fig. 2A) . Consistently, more trabecular rod tissue was observed to fail at the initial stage while more trabecular plate tissue failed approaching apparent yield point (Fig. 2B) . Furthermore, the relative failed plate and rod number fraction suggested that a higher proportion of trabecular rods failed at the early stage (0.1-0.3% apparent strain) and then plates and rods failed at equal percentage until 1% apparent strain is reached (Fig. 2C) . The importance of trabecular rod was further highlighted in Fig. 2D , which shows that the percentage of failed tissue within trabecular rods was greater than the percentage within trabecular plates through the entire loading from 0.1% to 1% apparent strain.
From 0.2% to 1% apparent strain, significantly more longitudinal trabecular plates failed than oblique or transverse plates in both apparent number fraction and tissue fraction ( Fig. 3A  and B) . However, the difference between the relative failed number and tissue fractions of trabecular plates in different orientations was less significant, especially between the oblique and transverse plates, although the proportion of the failed longitudinal plates was still statistically greater than that of the oblique or transverse ones in terms of trabecular number (0.2-0.9% apparent strain, Fig. 3C ) and tissue volume (0.2-1.0% apparent strain, Fig. 3D ). Significant difference was shown between the apparent failed number and tissue fractions of rods at various orientations, nevertheless, in opposite trend comparing with trabecular plates (longitudinaloobliqueotransverse) (Fig. 4A and B) . The difference diminished in the relative number and tissue fractions of rods, but the relative proportion of failed longitudinal rods was actually greater than those of the oblique and transverse ones in terms of trabecular number (0.2, and 0.6-0.9% apparent strain, Fig. 4C ) and tissue volume (0.7-1% apparent strain, Fig. 4D ).
For longitudinal trabecular plates, compression became the dominant failure mode at the later stage (0.9-1% apparent strain, Fig. 5A ) while for longitudinal trabecular rods the compression remained as the dominant failure mode throughout the entire loading (Fig. 5B) . In most loading steps, failure of the oblique trabecular plates resulted more from tension than compression while tension and compression contributed equally to the failure of oblique trabecular rods ( Fig. 5C and D) . Furthermore, significantly more bone tissue fraction failed under tension than compression for both transverse trabecular plates and rods ( Fig. 5E and F) . The correlations of apparent yield strength s y with both BV/TV (r 2 ¼ 0.77) and pBV/TV (r 2 ¼ 0.85) were statistically significant (Fig. 6) . However, no correlation was found between rBV/TV and s y (r 2 o0.01, p ¼ 0.94).
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Discussion
In this study, a novel ITS technique was combined with nonlinear FE analysis to quantitatively study the failure behaviors of decomposed ''individual'' trabecular plates and rods. The relative contributions of trabecular plates and rods to the failure initiation and progression were quantitatively examined for the first time. In the simulated axial loading toward apparent yielding, the local failure in trabeculae can be observed starting from 0.1% apparent strain, although the apparent yielding is not evident until 0.7-0.8% apparent strain. Results suggested that trabecular bone failure initiated at rods at small strains (0.1-0.2% apparent strain, Fig. 2A and B) ; moreover, rods failed disproportionally to their number and volume at the beginning of failure (0.1-0.4% apparent strain, Fig. 2C and D) .
While apparent strain approached global yield point (0.7-1% apparent strain), the dominance of failure shifted from rods to plates. In general, a significant amount of trabecular plate in terms ARTICLE IN PRESS Fig. 5 . Apparent failed tissue fraction of longitudinal, oblique, and transverse trabecular plate and rod in tension and compression (mean7SE) under 0.1-1% apparent strain, SE: standard error. * indicates significantly higher tissue fraction failed in tension, + indicates significantly higher tissue fraction failed in compression (po0.05).
of both number and tissue volume failed before the apparent yielding of whole specimen (0.8070.07% apparent strain). Consistent with this finding, it is intriguing that there was a strong correlation between pBV/TV and apparent yield strength (Fig. 6) ; on the contrary, apparent yield strength was independent of rBV/ TV (r 2 o0.01, p ¼ 0.94, data not shown). Previous studies have quantitatively demonstrated that trabecular plates dominate the apparent elastic moduli of trabecular bone (Liu et al., 2006) . The current study showed trabecular plates also play an essential role in the apparent yield strength due to their large number and tissue volume. It should be noted that the apparent failed number or tissue fraction is a concept quantitatively describing the amount of failed number and bone tissue volume in either plates or rods. Therefore, they quantify the relative roles of each trabecular type to failure process or yield strength of vertebral trabecular bone. On the other hand, the relative failed number or tissue fraction describes the distribution of failure in either plates or rods. Interestingly, in terms of relative failed number fraction, an equal proportion of plate and rod failed at 0.5-1% apparent strain, indicating homogeneous local failure among plates and rods. According to the relative failed bone volume, a higher proportion of rod tissue failed throughout the initiation and progression of failure. Combining the above findings, we conclude that the accumulation of failure within the failed rods was much severe than plates toward the apparent yield point.
During the loading of 0.2-1% apparent strain, failure of longitudinal trabecular plates and transverse trabecular rods was dominant compared to failure of trabeculae in other orientations (Figs. 3 and 4) . Therefore, longitudinal plates and transverse rods may play key roles in determining the yield strength of trabecular bone. Moreover, failure mode predicted by the FE analysis revealed that the mechanisms of failure depended on the structural types and orientations of the individual trabeculae. The results from these analyses suggest that longitudinal trabecular plates stand most axial loading while transverse trabecular rods serve as essential links to stabilize the whole structure in vertebral body under compressive loading. It confirms our earlier hypothesis but now with more detailed and quantitative models.
Strikingly, the differences among the curves of relative failed plate number and tissue fraction in three directions were minimal ( Fig. 4C and D) . Similar phenomena can also be observed in trabecular rods that the differences of the relative number and tissue fraction of failed rods in different orientations were far less distinctive than the apparent number or tissue fraction (Fig. 5C  and D) . Once again, it demonstrates that the microstructure of trabecular bone network, such as trabecular type and orientation, effectively adapts to its biomechanical functions. It should also be noted that the relative failed number and tissue fractions of longitudinal plates and rods are statistically higher than those of oblique and transverse plates and rods. This could result from the imposed loading direction, which was well aligned with longitudinal trabeculae.
It should be noted that several limitations are associated with this study. First, the prediction of yielding of bone voxel and individual trabecula has not been experimentally validated. However, predictions of these models in apparent elastic modulus, apparent yield strength, and yield strain have been validated experimentally in previous studies Niebur et al., 1999 Niebur et al., , 2000 Niebur et al., , 2001 . In addition, the mechanisms of local failure predicted by FE models have been qualitatively observed in the microcompression test combined with high-resolution imaging (Muller et al., 1998; Nagaraja et al., 2005; Nazarian and Muller, 2004; Thurner et al., 2006) . Potentially microcompression could be used to quantitatively determine the 3D strain field based on stepwise high-resolution image and eventually verify the FE predictions at the individual trabecula level. Second, the results and conclusions of this study were based on models of onaxis loading. However, the results may not be the same if the loading is along transverse axis. It will be of our future interest to explore the influence of different loading orientations. Third, homogeneous tissue material properties were assumed for all the specimens in the simulation. The variations in mineralization may affect the results of failure analysis. This should be explored more carefully in the future studies as well. The micromechanical analyses of individual trabeculae highly depended on the results of segmentation and classification of individual trabecular plates and rods. The ITS technique, which decomposes trabecular microstructure according to its topology and geometry, was the only method adopted in this study. One should be aware that there are other techniques for decomposing trabecular microstructure ) and it will be of interest to compare the influence of different methods in the future. To evaluate the importance of trabecular types in the initiation of local failure, the different responses of trabecular plates and rods were recorded stepwise. However, limited by the high computational cost of large-scale models, the computations were performed at an increment of 0.1% apparent strain. Among 15 vertebral bone images, 9 specimens showed the initial local failure in both plates and rods occurring at the same loading step. Thus, it would be difficult to confirm if first local failure always occurred in trabecular rod. Nevertheless, results of FE analyses from all the other 6 specimens showed that the first local failure occurred at trabecular rods. Moreover, at the initiation of the local failure (0.1-0.3% apparent strain), the apparent number and tissue fraction of failed trabecular rods exceeded those of the failed trabecular plate ( Fig. 2A and B) , supporting our hypothesis that local failure of vertebral trabecular bone initiates primarily at trabecular rods.
While the importance of plate-like trabeculae has been fully recognized and the structure model index, a parameter describing the plate-likeness of trabecular architecture (Hildebrand and ARTICLE IN PRESS Ruegsegger, 1997), has been widely used as an indicator of bone quality, the results from this study suggest that attention should also be given to the quality of trabecular rod, as it may determine the initiation of the local failure at small strain. Furthermore, for the first time, the importance of longitudinal plates and transverse rods during the yielding of trabecular bone under axial compression was quantitatively confirmed. Thus, the new morphological parameters stratified by trabecular types and orientations may help us better assess the quality of vertebral trabecular bone and predict vertebral bone fragility.
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